[2] Air quality management in both urban and suburban areas has become a major problem of our modern society over the past twenty years [e.g., Bennet et al., 1985] . Air pollution by aerosols has an impact on regional and global climates [e.g., Ramanathan et al., 2001; Intergovernmental Panel on Climate Control (IPCC), 2001; Léon et al., 2002; Sheridan et al., 2002] as well as on ecological equilibrium [e.g., Barker and Tingey, 1992] and population health [e.g., Jones, 1999; Harrison and Yin, 2000] . Aerosols do influence gaseous molecules photodissociation [e.g., Randriamiarisoa et al., 2004] and can thus have significant impact on the photo-oxidant pollution [e.g., Dickerson et al., 1997] .
[3] Automobile traffic is the main source of photooxidant pollution and aerosols in large cities such as Paris (France) [e.g., Menut et al., 2000] , Los Angeles (California) [e.g., Lurmann et al., 1997] or Athens (Greece) [e.g., Durieux et al., 1998; Eleftheriadis et al., 1998 ]. The nonlinear character of chemical transformations occurring during the aerosol aging processes makes it difficult to set up regulation policies for aerosol emissions. Aerosols can either be directly emitted or formed by gas-to-particle conversion. Their chemical composition can evolve through interaction with clouds or by condensation of organic volatile compounds and/or by reacting with water vapor [e.g., Forstner et al., 1997] .
[4] Because little was known about the size distribution of the anthropogenic aerosols in the Paris area and their optical properties, an intensive 2-year field campaign was carried out in the framework of the Etude et Simulation de la Qualité de l'air en Ile de France (ESQUIF) program. Its aim was to better understand the processes leading to air pollution peaks in Paris by combining experimental and modeling approaches [Menut et al., 2000; Vautard et al., 2003a] . The ESQUIF program lasted from July 1998 to July 2000. Results concerning the photo-oxidant pollution have been well documented in the special section ''Atmospheric Pollution Over the Paris Area (ESQUIF)'' in Journal of Geophysical Research [e.g., Vautard et al., 2003b; Beekmann and Derognat, 2003; Derognat et al., 2003 ] but a description of the aerosol characteristics had yet to be done. Measurements were mainly performed during the summer to document the photochemical processes leading to ozone peaks. Prior the summer of 2000 some aerosol measurements were performed but the data were too scarce to enable a relevant assessment of the aerosol properties around Paris.
[5] The main experiment devoted to aerosols trapped in the planetary boundary layer (PBL) was scheduled during the last two Intensive Observation Periods (IOPs) of ESQUIF, between 17 and 31 July 2000. During these IOPs, instruments devoted to aerosol measurements were simultaneously operated onboard an aircraft and in a groundbased mobile experimental station. Other studies on aerosol optical properties were previously conducted using airborne measurements such as during the Tropospheric Aerosol Radiative Forcing Observational Experiment (TARFOX) [e.g., Russel et al., 1999] off the East coast of United States, the Second Aerosol Characterization Experiment (ACE 2) [e.g., Carrico et al., 2000] off the coast of Portugal, or the Indian Ocean Experiment (INDOEX) [e.g., Pelon et al., 2002] off the west coast of India. The Lindenberg Aerosol Characterization Experiment (LACE 98) combined in situ measurements with aircraft and lidars over highly populated area (southeast of Berlin, Germany) [Ansmann et al., 2002] . Lidars were also used in the framework of the European Aerosol Research Lidar Network (EARLINET) to establish an aerosol climatology and define a quantitative comprehensive statistical database of both horizontal and vertical distribution of aerosols on a continental scale [Matthias et al., 2004] . Nevertheless, these campaigns, except LACE 98, did not use simultaneous in situ and backscatter lidar measurements performed both from aircraft to retrieve aerosol optical properties and size number concentration. Furthermore, they were not conducted over an urban center of more than 12 millions inhabitants such as the Paris area.
Experimental Setup

Instruments
[6] To characterize aerosols over the Paris area, we have used two main instrumental platforms: a mobile station (MAS, mobile aerosol station) for surface in situ measurements in the suburban areas and the French research aircraft Fokker27/ARAT (Avion de Recherche Atmosphérique et de Télédétection) for in situ and remote sensing measurements within the lower troposphere. The aircraft instrumentation included the lidar LEANDRE-1 (Lidar aéroporté pour l'Etude des Aérosols, des Nuages, de la Dynamique, du Rayonnement et du cycle de l'Eau), two nephelometers and an optical particle sizer. The aerosol sampling was performed through an isokinetic probe located, in the free air stream, on the right forepart of the Fokker 27 fuselage.
This isokinetic sampler, commercialized by GeoSens B.V. (Rotterdam) and validated for the study of submicron aerosol onboard airplanes, has been well described by Pena et al. [1977] . The flow rate, for each instrument sampling line, is controlled to ensure flow conditions as close as possible to isokinetism. Other measurements such as ozone (O 3 ), nitrogen monoxide (NO) and carbon monoxide (CO) were also recorded and used as tracers of polluted air masses. The aircraft velocity was $90 m s À1 and data were acquired with a temporal sampling rate of 1 second. The MAS equipment included a particle counter, two optical particle sizers, a nephelometer and a Sun photometer. Data acquisition was performed at a temporal sampling rate of 1 minute. The MAS positioning within the Paris suburbs and the aircraft flight plans were determined according to air masses synoptic motions. Atmospheric state parameters (pressure, temperature, relative humidity and wind vector) were also monitored on both instrumental platforms.
Lidar LEANDRE1
[7] The ARAT was equipped with the backscatter lidar LEANDRE 1 to document the atmospheric reflectivity at 532 nm and 1064 nm in the lower troposphere. These lidar measurements were the first ever made from an airborne platform over the Paris area.
[8] LEANDRE 1 uses submicron aerosols as tracers to document the lower tropospheric structure with vertical and horizontal resolutions of 15 and 150 m, respectively [Flamant and Pelon, 1996; Pelon et al., 2002] . The lidar signal depends on particle concentration, number size distribution and chemical composition. Thus lidar-derived atmospheric backscattering is generally observed to be large in the atmospheric boundary layer and in elevated aerosol layers inside the free troposphere (residual aerosol or dust aerosol layers). In the present study we use vertical profiles of aerosol extinction coefficient derived from lidar. The different sources of uncertainty are well described by Chazette et al. [1995] . The mean relative error for the extinction coefficient is generally less than 10% when the inversion of lidar profiles is constrained using a Sun photometer [e.g., Chazette, 2003] and when the relative humidity stays lower than 75%, as is the case here.
Particle Sizers
[9] The airborne optical particle sizer PCASP model 100, developed by Particle Measuring Systems (PMS Inc, Boulder, Colorado), gives access to 15 classes of particles ranging from >0.1 up to >3 mm in diameter. It is used to retrieve the aerosol number size distribution in the lower troposphere. The accuracy on the aerosol number concentration measurement is about 5% for submicron aerosols [Dye and Baumgardner, 1984] .
[10] In the MAS station, two complementary types of optical particle sizers were used: KC18 (RION Co, Ltd. Japon) and MetOne 237 (http://www.metone.com). The KC18 gives access to the partition function of the aerosol in 5 diameter classes (>0.10 mm, >0.15 mm, >0.20 mm, >0.30 mm, >0.50 mm). The light source is a He-Ne laser at 663 nm and the measurement is performed at 90°scattering angle. The inlet air flow rate is 0.30 L/mn. The MetOne instrument gives the aerosol partition function in 5 diameter classes (>0.30 mm, >0.50 mm, >0.70 mm, >1.00 mm, >2.00 mm, >3.00 mm) and uses a diode laser source, with an inlet flow rate of 2.83 L/mn. Both KC18 and MetOne instruments were used to retrieve the aerosol number size distribution at the surface level. 2.1.3. Particle/ / /Soot Absorption Photometer (PSAP) [11] A proxy for black carbon concentration (BC) was retrieved from measurements performed continuously with a PSAP (Radiance Research, Seattle, USA) onboard the ARAT. This instrument is sensitive to the light-absorbing part of the aerosols [Hansen and Novakov, 1990] and its measurements are representative of air masses affected by anthropogenic pollution [Penner, 1995] .
Condensation Particle Counter (CPC)
[12] Number concentrations of submicron particles were measured, onboard the aircraft and the mobile station, with 3022A CPC TSI 1 model particle counters. These counters detect all particles within a diameter size range from 0.007 to 3 mm, with a 100% efficiency for 0.02 mm. Particle concentrations are retrieved with a relative uncertainty of 5% [Chazette and Liousse, 2001] .
Nephelometers
[13] Two nephelometers were installed onboard the ARAT: a three-wavelength (450, 550 and 700 nm) nephelometer (manufactured by TSI 1 ) and a mono-wavelength (550 nm) nephelometer (MRI 1 integrating nephelometer model 1550B). A second monowavelength nephelometer was used in the MAS. These instruments measure the aerosol scattering coefficient in a 7 -170°range of scattering angle [e.g., Bodhaine et al., 1991; Flamant et al., 2000] . To take into account the non observed scattering angles, a correction factor x has been assessed, from Mie computations, to be close to 1.035, for urban aerosols. This assessment was done using the retrieved aerosol mean size number distribution (see section 3.2) and the mean complex refractive index during July 2000 (see section 4.1). The monowavelength nephelometers were used in ambient relative humidity without heating whereas the threewavelength instrument scattering chamber was maintained at about 35 -40% relative humidity (dry aerosol conditions). The mean relative uncertainty of these instruments is considered to be less than 10% [e.g., Bodhaine et al., 1991] and is mainly due to the variability of the relative humidity inside the instrument. In dry conditions, the relative uncertainty after calibration is around a few per cent (evaluated from the reproducibility of laboratory measurements).
Sun Photometer
[14] The CIMEL 1 Sun photometer instrument performs integrated measurements of solar light absorption to retrieved aerosol optical properties (optical thickness and complex refractive index, at several wavelengths, and Angström exponent). The channels used for this study are centered at 440 nm and 670 nm, with bandwidths of less than 20 nm. The instrument field of view is about 1°[e.g., Holben et al., 1998] . Optical thickness data of the Paris area were obtained from the Aerosol Robotic Network (AERONET), the MAS Sun photometer being one of its temporary stations. The AERONET database gives a maximal absolute uncertainty of 0.02 for the optical thickness, independent of the aerosol loading. The complex refractive index retrieval, following Dubovik et al. [2001] , can be obtained for aerosol optical thicknesses larger than 0.3 at 440 nm and is associated with an absolute error of 0.04 for the real part and a relative uncertainty of about 30% for the imaginary part. The uncertainty on the Angström exponent has been shown to be $0.03 for aerosol optical thickness of $0.2 [Hamonou et al., 1999] .
Synoptic Conditions and Airborne Operations
[15] Only two pollution events (19 and 31 July 2000) were explored through airborne measurements because of flight restrictions over Paris and rather poor weather conditions. For the first event, Paris was under the influence of a north-northwesterly synoptic flow, with noticeable amount of scattered cumulus and air masses coming from over Great Britain, as illustrated by the back trajectories computed over 3 days and ending over Paris on 19 July at 1200 UTC (Figure 1, top) . For the second event, the synoptic circulation changed and Paris was under the influence of a westerly air flow. The 3-day back trajectories show that the air mass advecting over Paris on 31 July was coming from the Atlantic Ocean. The westerly flow coming from the ocean was advected east of Paris before being recirculated clockwise, entering the Paris area from the south (Figure 1 , bottom) as confirmed from airborne wind measurements (see section 2.3).
[16] A statistical analysis of summertime air masses origins has been performed using the NOAA HYSPLIT4 Model [Draxler and Hess, 1998] . A sample of 455 five-day back trajectories ending over Paris (900 m MSL) at 1200 UTC were computed for June, July, and August for the years 1999-2003. This analysis shows that 45% of the back trajectories originated directly from the Atlantic Ocean (as on 31 July) and 17% of them passed over the industrialized areas of the Great Britain (as on 19 July). These situations were the two most representative during the summers of this 5 year period.
[17] Flight plans were established according to the daily synoptic conditions and PBL depths using ECMWF (European Center for Medium-range Weather Forecast) forecasts and the flight altitudes imposed by Air Traffic Control. In situ measurements of aerosol microphysical and optical properties were performed at a flight altitude of $900 m above mean sea level (MSL) within the PBL and nadir pointing lidar measurements were made from an altitude of $4200 m MSL in the free troposphere. Flight plans for both 19 and 31 July, together with the raw aerosol scattering coefficient measured by the airborne nephelometer, are shown in Figures 2a and 2b and illustrate the location of the pollution plume around Paris.
[18] The major difference between the two periods was the direction of the air flow. To better sample the urban pollution production, crosswind flight legs were performed within the PBL, one upwind and at least two downwind of Paris. On 19 July, under northerly wind conditions, two flights were performed at 1040 -1330 UTC and 1420-1715 UTC. The first flight started from Creil with a lowlevel upwind leg (L1) before climbing to 4200 m MSL for two legs north (T1) and south (T2) of Paris. The aircraft then descended to perform two downwind legs (L2, L3) at 900 m MSL before landing at the Vatry airport, $140 km east of Paris. After refueling, the aircraft headed back west to sample legs L2 and L3 again, as well as a third leg (L4) further south over the countryside. The end of this flight was devoted to lidar measurements with a first crosswind leg (T3) coinciding with L4 and then a south-north segment In situ aerosol measurements in the PBL were performed at $900 m (labeled Li) and lidar measurements were performed at $4200 m MSL (labeled Ti). The direction of flight is indicated by arrows. The solid and shaded arrows refer to the first and second flights, respectively (see text for details). The raw scattering coefficient measured onboard the aircraft is color coded (only the second flight is given for legs L2 and L3).
(T4) toward Creil. On 31 July the flight was scheduled between 1030 and 1400 UTC. From Creil, the aircraft headed south at 900 m MSL and performed an upwind leg (L1) and a downwind leg (L2) before climbing to 4200 m MSL at which height lidar measurements were made on two legs, T1 and T2, colocalized respectively with L1 and L2. The flight ended with a south-north oriented leg devoted to lidar measurements (T3) and a third low-level aerosol sampling leg (L3) downwind of Paris. While flying at 900 m MSL, the aircraft always remained within the PBL.
[19] On 19 July the upwind leg was performed 36 km north of the city, over the countryside, whereas the downwind legs where performed at 35, 50, and 85 km from Paris. On 31 July, the upwind leg was flown over a rather urbanized area, about 12 km south of center Paris, while the downwind legs were flown 11 and 36 km north of Paris.
Air Masses Characterization
[20] Besides the difference in air mass origins, the back trajectories, shown in Figure 1 , highlight different air circulations around the Paris area. Aircraft wind speed and direction ( Figure 3 ) measurements confirm these synoptic trends. On 19 July, the air mass entered over Paris from the north with a mean wind speed of 7 m s À1 in the PBL. According to the virtual potential temperature and relative humidity profiles, the mean PBL depth was about 1600 ± 200 m during the entire flight period. On 31 July the air mass entered the Paris area from the south with a mean wind speed of 3 m s À1 . The PBL depth was then about 1700 ± 200 m. These PBL depths are confirmed by backscatter lidar profiles (see sections 3 and 4).
[21] Tropospheric ozone is a good tracer of urban pollution and its concentration is recorded at ground level on a continuous basis by the AIRPARIF (http://www.airparif. assoc.fr) network. On 19 July the ozone concentration increased between 1400 and 1500 UTC from 65 ppbv in Cergy (30 km northwest of Paris) to 70 ppbv in Les Ulis (25 km southwest of Paris). Such an increase is within the instrumental error and thus not significant. This means that the air mass arriving over Paris was already ozone-rich as reported by Vautard et al. [2001] during a previous ESQUIF case study observed in the summer of 1998. For 31 July a significant increase was observed, with ozone concentrations of 48 ppbv in Les Ulis and 80 ppbv in Cergy. This suggests that the air mass was cleaner upstream and that the production of ozone precursors by the Paris area was non negligible. These trends are confirmed by the airborne ozone measurements (not shown).
[22] Sun photometer observations give further insight on the air masses atmospheric quality. For 19 July the retrieved optical thicknesses at 550 nm were 0.25 ± 0.03 before 1030 UTC and 0.3 ± 0.05 before 1200 UTC above Palaiseau and Paris respectively. After these hours, no other reliable optical thicknesses data were available due to increased cloudiness. For 31 July the mean optical thicknesses were smaller with values of 0.11 ± 0.03 above Palaiseau or Creteil (respectively south and southeast of Paris), 0.15 ± 0.03 above Paris and 0.22 ± 0.04 above Creil (North of Paris), but pointing out a significant increase downwind of the urban area. The given standard deviations take into account both the error on the optical thickness retrieval and the temporal measurement variability. These observations are compatible with the ozone measurements trends. Figure 4 shows the occurrences of the total optical thickness at 550 nm over the Paris area during the years of 1999 and 2000, in clear-sky conditions, as obtained from Sun photometer measurements performed at Créteil, Palaiseau, and Paris (AERONET network [Holben et al., 1998] ). The two days involved in this experiment are clearly representative of the aerosol loading over Paris.
[23] We are thus in presence of two contrasted, but representative, situations in terms of atmospheric synoptic flows and air quality. On 19 July the advected air mass was already polluted because of its transit over Great Britain and northern France, while on 31 July the incoming rather clean oceanic air mass better underlines the influence of the Paris area urban pollution.
Aerosol Size Distribution Retrievals
Method
[24] A standard method was used to retrieve the aerosol size distributions at 900 m MSL in the PBL, assuming 3 modes (nucleation, accumulation, and coarse) in a lognormal distribution. This method, using the proximity recognition approach [e.g., Chedin and Scott, 1985; Chazette et al., 1998] , is widely used in geophysical data analysis. A lookup table has been calculated for different lognormal aerosol models in each size class measured by the aerosol sizers. The measured data are then compared to the lookup table to extract the size distribution parameters.
Size Number Distribution Results
[25] The aerosol size distribution retrievals were obtained after application of a median filter based on a moving window over 21 individual size distribution points. This filtering leads to a temporal resolution of $15 s (horizontal resolution of $1300 m given the aircraft speed). A bimodal size distribution was determined during both flights and the contribution of a coarse mode was not observed. This may be due to the limited capabilities of the instruments onboard the aircraft because of the isokinetic characteristic of the air inlet and the problem of aerosol impacts inside the sampling lines. Moreover, the onboard particle sizers could present important measurement errors for particles with diameter >0.8 mm [Cutten et al., 1998] . To evaluate such effects, measurements at low altitude, 90 m above the ground level, were performed close to the MAS position on 31 July where independent ground level size distributions were recorded. This was the lowest possible altitude due to the required airplane security regulations. Differences of the order of 10 to 15% have been observed for each class of particles for mean radii smaller than 0.25 mm. The differences for the larger particles were more important, pointing out the difficulty to retrieve the coarse mode from airborne data. Figure 5 shows that above 500 m MSL within the PBL the raw aerosol size distribution varies weakly with altitude. The uncertainties associated with the proximity recognition approach on the retrieved bimodal size distribution parameters have been assessed (see Table 1 ) using a Monte Carlo approach taking into account the uncertainties due to the PCASP instrument. The comparison of the retrieved bimodal distributions with the direct measurements leads to relative errors lower than 5% as illustrated in Figure 6 . Nevertheless it is also necessary to consider the instrumental uncertainty. For aerosol diameters <0.8 mm, the measurement error is close to 5% [Dye and Baumgardner, 1984; Cutten et al., 1998 ]. If the uncertainty sources are considered to be independent, the total error is <10%.
[26] Hereafter, only the 900 m MSL flight legs results are presented and discussed because they correspond to horizontal leveled flight legs where the isokinetic sampler is used according to constructor recommendations [Pena et al., 1977] . The bimodal aerosol size distribution is characterized by the modal radius (r 1 ) and the dispersion (s 1 ) of the first mode (nucleation mode), the modal radius (r 2 ) and the dispersion (s 2 ) of the second mode (accumulation mode) and the occupation rate of the second mode (x 2 ). The characteristics of the aerosol number size distribution are given in Table 1 . Apart from x 2 , all the variables characterizing the aerosol size distribution did not change significantly inside or outside of the plume, upwind or downwind of Paris. The occupation rate of the second mode (x 2 ) is thus used as a proxy of polluted air masses. This choice is also consistent with the fact that aerosols generally grow in size while being transported, and hence large values of x 2 are representative of aged aerosol plumes.
Flights of 19 July
[27] Figure 7 shows that on 19 July the incoming air mass was already rich in aged aerosol indicating that the air mass had flown over polluted areas prior to reaching the Paris area, as suggested in section 2.3. x 2 was not observed to vary significantly within the plume downwind of Paris. Aircraft measurements in the PBL evidenced that the easternmost extension of the plume was located around 2.8°E. x 2 was observed to vary significantly across that boundary, from 30% to less than 15%. The position of the eastern boundary of the plume was confirmed by lidar measurements given in Figure 8 where a significant decrease of both the extinction coefficient and the optical thickness (from 0.25 to 0.15 at 532 nm) is observed east of 2.8°E. The lidar two-dimensional profile shown in Figure 8 was acquired on leg T2 about 10 km downwind (south) of Paris. More details are given about the lidar analysis and its interpretation in the next sections.
Flights of 31 July
[28] Figure 9 shows the evolution of x 2 in the PBL on 31 July. Four regions can be identified: 1) a region of large x 2 values (greater than 22%, domain labeled 1) around Coulommiers, 2) a region of small x 2 values (less than 15%, domain labeled 2) downwind of the Charles de Gaulle Airport, 3) a region around Paris (both up and downwind as seen on legs L1 and L2) where values of x 2 between 15 and 22% are observed, and 4) a region north of Paris (downwind, on leg L3) where values of x 2 are larger than on legs L1 and L2, and are comprised between 17% and 24%. The x 2 values upstream of Paris (leg L1) are lower than those observed upstream on 19 July, consistent with the advection of a less polluted air mass over Paris on 31 July. In Figure 9 , no clear signature of the Paris plume can be seen when comparing x 2 values measured on legs L1 and L2. Leg L1 was performed over an already urbanized area and thus the measurements are likely to not be representative of the incoming clean oceanic air mass. Further downstream (Leg L3), the larger values are an indication of the aging of the aerosol. The large x 2 values over the Coulommiers region are thought to be the result of particle A lognormal size distribution is assumed, which is characterized by up to three modal radii (r 1 , r 2 , and r 3 ), the associated geometric dispersions (s 1 , s 2 , and s 3 ), and occupation rates (x 1 and x 2 ). An assessment of the temporal variability is given in parenthesis. The uncertainties due to the retrieval procedure are also specified. Figure 5 . Raw aerosol size distributions measured from aircraft at different altitudes on (left) 19 July and (right) 31 July. These distributions were compiled from all the measurements performed at the different heights mentioned during each flight. uptakes in connection with intensive agricultural activity. Note that this region presents a weaker aerosol number concentration ($4000 cm À3 ) when compared with the center of the pollution plume ($10000 cm À3 ). Such high x 2 values were not observed on 19 July in this region. We hypothesize that this is due to rainfall on the previous days. It rained in this region on 18 July, whereas no rainfall was observed for several days prior to 31 July. The influence of Charles de Gaulle Airport is clearly observed in Figure 9 . The decrease of x 2 values in domain 2 is linked to aircraft emissions that are mainly composed of small particles.
[29] To refine our analysis of the Parisian plume structure for 31 July, we have used airborne measurements of a proxy for black carbon (BC) concentration (i.e., uncalibrated BC concentration in arbitrary units) around Paris ( Figure 10 ). BC is a good tracer of the automobile traffic emissions and further help to situate the aerosol plume. Figure 10 shows a significant increase in BC proxy concentration from upwind to downwind of Paris. On leg L2, the plume is seen between 1.9°E and 2.7°E. The signature of the Parisian plume is also seen on leg L3, west of 2.5°E. The regions around Coulommiers and downwind of Charles de Gaulle Airport do not generate BC, which is why the Parisian plume can be identified unambiguously.
Coherence With Surface Measurements
[30] As a complement of this analysis of the airborne measurements, the size distribution characteristics retrieved from the MAS station ground level measurements, performed downwind of Paris, are shown in Table 1 . Given the retrieval method uncertainties and the temporal variability in the measurements, the mean values of the first two modes characteristics can be considered to be essentially the same as those retrieved from aircraft measurements. The main observed differences on the smaller modal radius and the larger occupation rate of the nucleation mode, may point out the proximity of the particle sources within the surface layer. Even if we take into account the uncertainty due to the retrieval method (0.015), the difference between r 2 determined in the mixed layer (0.12 ± 0.005) and at the surface (0.08 ± 0.01) is barely within the error bars. However, this latter low value is probably affected by the large uncertainties on the third mode radius retrieval. Despite an occupation rate of less than 10 À3 , this coarse mode is identified with modal radii between 0.4 and 0.45 mm.
Coherence With Airborne Optical Measurements
[31] This section examines the coherence between the retrieved size number distributions and the optical measurements performed during the same flights.
Coherence With Nephelometer and Sun Photometer Measurements
[32] To perform calculations of the aerosol optical properties, one needs to know the complex refractive index of these aerosols during the measurement period. The only available estimates of the aerosol refractive index for the time and location of this experiment are those given on the Web site of the AERONET network [Holben et al., 1998 ]. The average complex refractive index, over the entire month of July 2000, was calculated to be (1.5 ± 0.05) À i (0.016 ± 0.0125) at 670 nm, after rejection of aberrant data with refractive indices close to that of water. The standard deviations, associated to the mean values, reflect both the temporal variability of the aerosol properties and the error on the retrieved parameters.
[33] The aerosol scattering coefficient at 550 nm in the PBL was computed using Mie theory on the basis of the size distributions determined in section 3.2 and compared to the scattering coefficient measured at 550 nm by the airborne nephelometer during the two days. Since the spectral variability of the continental aerosol refractive index is very weak in the visible domain [Volz, 1973] , the mean refractive index derived at 670 nm was used. The results, in terms of scattering cross sections, are given in Figure 11 for more than 9000 measurements. They show a good agreement between measurements and simulations with a slope close to 1.05 and a weak bias. The observed dispersion is largely within the quoted refractive index error bars. The uncertainties on the scattering cross section, due to both real and imaginary parts of the refractive index, have been assessed using a Monte Carlo approach . The total relative uncertainty is close to 20% and falls inside the spread shown in Figure 11 . Nephelometer measurements are less reliable in case of wet conditions, when the relative humidity (RH) is greater than 50%. On both days, the RH measured at 900 m MSL remained fairly constant during the entire flights, with a mean value of $60%. The effect on the nephelometers measurements is however expected to be weak, as confirmed by Figure 11 .
[34] The single scattering albedo computed at 550 nm exhibits mean values ranging from 0.85 to 0.92 for the mean refractive index here considered. These values are close to the mean AERONET value (0.87 ± 0.068). The uncertainty on the single scattering albedo has been assessed to be close to 0.06 considering the refractive index variation range. Similar single scattering albedo has been retrieved from TARFOX (0.89 to 0.93 [Russel et al., 1999] ) and ACE-2 (0.91 to 0.97 [Carrico et al., 2000] ) campaigns for pollution outbreaks downwind of the United State East coast and Portugal, respectively. The mean value found during INDOEX was also similar in Goa (0.83 to 0.93 [Randriamiarisoa et al., 2004] ) for aerosols resulting from a mixing of biomass and fossil fuel burnings. Moreover, the values retrieved around Berlin in the framework of LACE 98 are similar to our results [Ansmann et al., 2002] .
[35] The Angström exponent has been determined from the three-wavelength nephelometer between 450 and 700 nm. The results give a value of 2.1 ± 0.24 for all flights. It is in good agreement with the computed values deduced from the retrieved size number distributions which lead to a mean value of 2.5 ± 0.17. For the latter, an additional uncertainty of 0.06, due to the refractive index, has also been assessed using a Monte Carlo approach. For both results, the given standard deviation, associated to the mean values, reflect the temporal variability of the aerosol properties.
Coherence With Lidar Measurements
[36] A complementary indirect verification of the coherence between the size number distributions and the optical properties of the aerosol is given by the confrontation of the Figure 11 . Scatterplot of the retrieved aerosol scattering cross section at 550 nm (computed using Mie theory and the size distributions) against the nephelometer-derived aerosol scattering cross section at 550 nm. All the measurements made on 19 and 31 July 2000 have been considered ($9000 points in the PBL). The dashed line represents the bisectrice. The best fit is given by the thin solid line.
in situ nephelometer measurements with the lidar extinction retrievals.
[37] The lidar equation has 2 unknowns: the extinction and backscatter coefficients at a given range. Extinction coefficient profiles can be retrieved from raw lidar backscatter profiles (the so-called lidar inversion procedure) provided that assumptions are made on the backscatteringto-extinction ratio (BER) fluctuations with height and if a boundary condition can be determined [e.g., Klett, 1981 Klett, , 1983 . In the present case, the boundary condition was determined by considering the atmosphere to be free of aerosols in a region of the free troposphere (between 3 and 4 km MSL). Exogenous data are needed to determine the BER. The adopted procedure calls on the coupling between coincident measurements of lidar backscattered profiles and aerosol optical thickness determination with photometers. It has been well described in previous works by Chazette [2003] for a ground lidar and a ground Sun photometer coupling and by Pelon et al. [2002] in similar ground Sun photometer and airborne lidar condition. The inversion is then based on the algorithm proposed by Klett [1983] .
[38] Coincident lidar and AERONET Sun photometer observations were available above Creil, Paris and Palaiseau (see section 2.3). Their coupling gives access to both the vertical profile of the aerosol extinction coefficient and the BER. The BER values retrieved from profiles at the location of the above mentioned Sun photometers are very similar, ranging from 0.013 to 0.017 sr À1 . Calculations performed directly from the experimental aerosol size distributions, through Mie theory, lead to values between 0.013 and 0.018 sr À1 and are in good agreement with the previous result. As discussed in section 5, the accumulation mode is the major contributor to the total aerosol extinction coefficient. When only this mode (modal radius of 0.12 mm) is considered, the BER is equal to 0.014 sr À1 . We have thus chosen to use this BER value to inverse all the available lidar profiles. Such a value is within the range retrieved in the framework of EARLINET by Matthias et al. [2004] (between $0.013 and $0.035 sr À1 ). Ansmann et al. [2001] have reported values between 0.017 and 0.035 sr À1 for a pollution outbreak from Europe during ACE-2. It thus seems that the values retrieved for Paris aerosol are in the lower limit of all these quoted values.
[39] It is also interesting to compare the aerosol extinction coefficient retrieved from these lidar profiles at an altitude of 900 m MSL with those obtained from the nephelometer measurements. The aerosol extinction coefficient can be calculated from the nephelometer raw scattering coefficient (a d ) measurements, the value of the single scattering albedo w 0 = 0.9 and the correction factor x (see section 2.1.5) as being equal to xa d /w 0 .
[40] The comparison between the two ''types'' of aerosol extinction coefficients is illustrated in Figure 12 for 31 July data. For locations where both methods can be directly compared, the agreement is very good with a mean difference of 0.01 km À1 . Nevertheless, the optical thickness at 532 nm retrieved from lidar in the upwind leg, south of Paris, (0.16) is larger than the one calculated from the Sun photometers at Palaiseau or Creteil (0.11) whereas the coherence is better with the Sun photometer inside Paris (0.15). The observed difference stays within the range of the possible variability of the BER. It must be noted however that the determination of the optical thickness at 532 nm is more questionable when the values are small because the Angström exponent derived from the Sun photometer channels then has large uncertainties (more than 30%). The overall coherence of the results presented in this section gives a good confidence level for both retrieved aerosol optical properties and size distributions.
Discussion
[41] The contributions of each aerosol mode to the scattering at 550 nm, evaluated from Mie theory with the modal distributions assessed in section 3, are given in Table 2 . The second mode with a modal radius of 0.12 mm exhibits the greatest contribution to the total extinction. At the surface, the third mode with a modal radius of $0.40 mm plays a non negligible role on the aerosol extinction properties.
[42] The lidar LEANDRE operates at 532 nm and is thus not sensitive to the contribution of the light scattered by aerosols in the nucleation mode. However, it should be sensitive to the light scattered by aerosols in the coarse mode, provided that such aerosols are present in the PBL, above the surface layer. The fact that the extinction coefficients, derived from lidar measurements at 900 m MSL assuming the presence of aerosols in the sole accumulation mode (assumption of a BER = 0.014 sr À1 , see section 4.2), are consistent with those retrieved from nephelometer measurements suggests that coarse mode aerosols were not significantly present in the PBL mixed layer, but only within the surface layer. The coherence between the aerosol scattering coefficients calculated from the retrieved size distribution and those measured with the nephelometer leads to the same conclusion.
[43] On 19 July 2000, there is no significant modification of the aerosol extinction coefficient between upwind (north of Paris) and downwind (south of Paris) conditions, as illustrated in the Figure 13 , where similar lidar profiles (averaged over legs T1 and T2, respectively) are observed. The presence of a residual aerosol layer is highlighted between 1.5 and 2.5 km MSL. The lidar-derived aerosol optical thickness variation between the north and the south is within the uncertainty range associated with the lidar inversion procedure. The same observation can be made from the nephelometer raw scattering coefficient with mean values of 0.15 ± 0.01 km À1 for the upwind leg L1 and 0.14 ± 0.01 km À1 for the downwind legs L2 and L3 (Figure 2a ). The corresponding aerosol number concentration measured by the airborne CPC increased from 4600 ± 1500 on leg L1 to 7200 ± 1900 cm À3 on legs L2 and L3. Hence it appears that the city of Paris mainly produces aerosols in the nucleation mode (modal radius of $0.03 mm) that have almost no influence on the aerosol optical properties at 550 nm. The fact that the aerosol optical properties do not evolve between the north and south of Paris suggests that the accumulation mode (modal radius of $0.12 mm) already dominates the aerosol size distribution in the incoming air mass, as it could be expected for an atmospheric flow polluted by aerosols having aged for several days.
[44] Depending on the nature of the aerosols, the lidar signal (besides being sensitive to aerosol number concentration) can be sensitive to relative humidity in the PBL. In Figure 13 . Mean profile of the aerosol extinction coefficient obtained by lidar north (upwind) and south (downwind) of Paris on legs T1 and T2, respectively, on 19 July 2000. Figure 14 we have compared the RH profiles obtained north of Paris (by aircraft) and southwest of Paris (balloon soundings at Trappes) and found that RH profiles were very similar on both sides of Paris (as also suggested by the aircraft measurements in the PBL, at 900 m MSL). RH profiles were found to increase from 45% at the surface to 75% at the top of the PBL. The fact that the lidar-derived extinction profile remained more or less constant in the PBL could be an indication that for 19 July the aerosols in the accumulation mode were essentially hydrophobic.
[45] On 31 July 2000 the situation is quite different, as shown in Figure 15 . The aerosol extinction coefficient determined from lidar profiles increased significantly in the entire PBL between upwind leg T1 (south) and downwind leg T2 (north). The influence of the RH profile on the aerosol optical properties is clearly visible for 31 July, in Figure 15 . The two-dimensional lidar-derived aerosol extinction coefficients shown in Figure 16 highlight an increase of the aerosol optical extinction between the southern and the northern parts of the Paris area. The optical thickness at 532 nm evolved from 0.12 at $45 km south of Paris, over the countryside, to 0.16 over Orly, 15 km south of Paris, up to 0.26 over Creil, 40 km north of Paris. Figure 16 also shows that the PBL depth increased slightly with latitude. Within the pollution plume the nephelometer raw scattering coefficient (Figure 2b ) increased from 0.08 ± 0.01 km À1 (upwind, leg L1) to 0.12 ± 0.01 km À1 (downwind, leg L2) at the altitude of $900 m MSL. The simultaneous CPC measurements show a mean number aerosol concentration increase from 7300 ± 2300 upwind to 9700 ± 2000 cm À3 downwind. As indicated in section 2.2, leg L1 was flown over a rather urbanized area and the above upwind mean aerosol number concentration is most likely not representative of the aerosol loading in the maritime incoming air mass. Nevertheless, the increase in the lidar derived extinction coefficients in the PBL suggests, for a given altitude level, an increase in number concentration of aerosols in the accumulation mode. It is not believed that this increase on the lidar signal is fully proportional to aerosol production by Paris. Rather, the incoming clean air mass is contaminated by pollution upon arrival over the Paris area and fast aerosol aging processes are being observed more distinctly than in the 19 July case. We have also compared the RH profiles obtained upwind (by aircraft) and downwind (Trappes balloon soundings) and found that RH profiles were very similar on both sides of Paris (Figure 14) . RH profiles were found to increase from 55% at the surface to 80% at the top of the PBL. The sharp maximum observed on the aerosol extinction coefficient at the top of the PBL for 31 July (Figure 15 ) is linked to aerosol size growth with increasing RH [Hänel, 1976] , suggesting that these aerosols in the accumulation mode are hydrophilic. Hence in situ measurements of the aerosol properties retrieved at 900 m MSL are not representative for the entire PBL.
[46] Finally, in the region influenced by the Charles de Gaulle Airport (domain 2 in Figure 9 ), and located outside the Paris pollution plume, a significant amount of particles were observed to be produced (the airborne CPC measured total concentrations higher than 10 4 cm À3 at 900 m MSL) even though they barely contributed to the overall aerosol optical properties in the visible spectral range. As shown in Figure 12 , the aerosol extinction coefficient is $0.06 km À1 in this area, compared to $0.12 km À1 within the Paris plume. The occupation rate of the second mode has been established to be as low as $12% in this region (see Table 1 and Figure 9 ), indicating a strong proportion of small particles, probably directly produced within the PBL by intense aircraft traffic.
Conclusion
[47] For the first time airborne measurements were performed above the Paris area to study the anthropogenic aerosols in the mixed layer. Authorizations were obtained for flights at two levels, the first for in situ measurements, close to 900 m MSL, and the second around 4200 m MSL for lidar measurements. Two well-defined pollution plumes were sampled for representative air mass origins. The 19 July (31 July) event was characterized by north-northwesterly (westerly) advection of polluted (clean) air masses originating from Great Britain (the Atlantic Ocean). On both days, the aerosol number size distribution was composed of two modes in the planetary boundary mixed layer (accumulation and nucleation) and three modes in the surface layer (accumulation, nucleation, and coarse). The characteristics of the size distribution (modal radii, geometric dispersion) were remarkably similar on both days.
[48] An original combination of airborne backscatter lidar and in situ (nephelometer, particle sizer) measurements evidenced that the city of Paris mainly produces aerosols in the nucleation mode (modal radius of $0.03 mm) that have almost no influence on the aerosol optical properties in the visible spectral range. Emissions are mainly due to automobile and aircraft traffic [Menut, 2003] . The aerosol optical properties at 550 nm were dominated by the scattering properties of aerosols in the accumulation mode (for $90% on average). Lidar measurements from the airborne LEANDRE-1 system show that the aerosol production of Paris impacts on the entire PBL. Relative humidity effects are far from being negligible on pollution aerosols produced by the Paris area. Nevertheless, if they are clearly observed on ''young'' hydrophilic aerosols in the accumulation mode, they appear relatively weaker when polluted air masses arrive over Paris loaded with aged, hydrophobic particles, coming from Great Britain.
[49] This experiment demonstrates the complementarity between in situ sampling analysis and active remote sensing measurements to study aerosols in the lower and middle troposphere. Such an approach will be used in the framework of future international campaigns such as the African Monsoon Multidisciplinary Analyses (AMMA, http:// amma.africa-web.org/) experiment during which airborne measurements will take an important place.
[50] Moreover, our results from airborne lidar measurements stress the sensitivity of lidar backscattered signals and their usefulness in analyzing regional pollution transport processes. The arrival of a new generation of space-borne instruments such as the lidar system CALIOP on CALIPSO (http://www-calipso.larc.nasa.gov/) to be launched at the beginning of 2005 should thus offer new perspectives for aerosol pollution studies. 
